Like the cremembers on Apollo and Skylab f l i g h t s , t h e Space Shuttle crewmembers w i l l wear a liquid-cooled garment t o maintain t h e i r thermal comfort during extravehicular a c t i v i t y . During the e a r l i e r programs, manu a l control of the cooling water was necessary t o maintain proper control of body heat storage. The development o f an operational automatic thermal control system would r e l i e v e the crewmember o f t h i s task, which can i n t e rfere with h i s objectives. I n t h i s study, an a n a l y t i c a l model of human thwnoregulation was used t o develop the equations governing the operation o f an automatic c o n t r o l l e r . The r e s u l t i n g c o n t r o l l e r operated without attachments t o the body, using only the temperature difference i n water going i n t o and out of the garment. A series of tests, i n which both object i v e and subjective data were collected on three subjects, demonstrated the a b i l i t y of t h e c o n t r o l l e r t o maintain a thermal balance both comfortable and w i t h i n allowable medical l i m i t s .
Although the c o n t r o l l e r developed as a r e s u l t o f t h i s study was designed f o r use w i t h the Shuttle extravehicular m o b i l i t y u n i t , i t was found t o function w e l l i n other applications and should be the simplest means possible f o r providing automatic control o f thermal comfort f o r any ground-based application i n which a liquid-cooled garment i s used
INTRODUCTION
The liquid-cooled garment (LCG) i s being r a p i d l y accepted as a means of removing excess body heat t h a t cannot be disposed o f by normal environmental mechanisms. It was developed by t h e Royal A i r c r a f t Establishment and the National .,eronautics and Space Administration (NASA) i n 1964 fort h e Apollo Program when i t became evident t h a t the heat. generated by crewmen during extravehicular a c t i v i t y (EVA! could not be s u f f i c i e n t l y removed by a gas-cooled space s u i t . purposes. These purposes include establishing constant s k i n temperatures during neurosurgcry; cardiovascular research; cooling and reducing perspit-at i o n rates i n surgeons during delicate operations; cooling race car drivers i n the presence o f high engine heat; cooling workers exposed t o high furnace heat i n steel, glass, and i r o n plants; warming divers descending t o great depths; and inany other appl ications.
The LCG i s now being used f o r many other diverse
The LCG task i s accomplished through the use of conductive cooling. However, a s i g n i f i c a n t problem has been the control o f LCG cooling i n response t o varying work rates. Webb ( r e f . 1 ) and K u z n e t z ( r e f . 2 ) found a temporal dissociation between heat production and heat output of the LCG.
(IRIGINAL PAGE IS OF POOR QUALSW "-I This c h a r a c t e r i s t i c r e s u l t s i n an o b l i g a t o r y period o f body heat gain after the onset o f work. The delay between heat production and steadys t a t e heat removal by the LCG has been obswved t o be as long as 1 hour and may r e s u l t i n i n e f f i c i e n t work performance and s i g n i f i c a n t thermal stress. The problem can be lessened somewhat by i n c r e x i n g the cooling j u s t before beginning work o r by very frequent adjustments i n cooling temperature.
During the Apollo and Skylab Programs, there were instances o f appar-Crewnembers tended t o stay i n the minimum o r intermediate cool-ent undercooling and overcool ing during lunar-surface and Skylab EVA's (ref. 2) . ing range f o r long periods rather than make frequent adjustments. During the Apollo and Skylab Programs, the crewmen were supported by a real-time ground monitoring team that could advize the f l i g h t d i r e c t o r t o t e l l the
EVA crewnen t o increase o r decrease t h e i r LCG cooling (ref. 3 ) .
During the Space Shuttle Program, cremembers w i l l work without the b e n e f i t of a ground monitoring team t o detect thermal imbalances. Because human subjects are poor judges o f t h e i r own thermal status ( r e f . 4 ) , these imbalances could be sustained f o r long durations, i n which case discomfort, impaired efficiency, and heat storage buildup could r e s u l t . The s i t u a t i o n i s aggravated f u r t h e r because crewmembers w i l l be busier and more task oriented during Shuttle EVA's than they were during e a r l i e r EVA's and, therefore, much less l i k e l y t c attend t o LCG cooling adjustments.
A solution t o t h i s problem i s the development and use o f an automatic Suc5 a control system t h a t would sense cremember thermal comfort and automatically adjust LCG cooling t o maintain i t over a wide range o f work rates. c o n t r o l l e r would include a mat'dal override t o account f o r i n d i v i d u a l variations and environmental e f f e c t s but, i n essence, could be set a t the beginning o f an EVA and l e f t alone thereafter, much the same as a thermostat i n a house.
The idea o f an automatic LCG c o n t r o l l e r i s not new. Several c o n t r o ll e r s developed and b u i l t by Webb and Chambers have been tested and successf u l l y demonstrated ( r e f s . 5 and 6 ) . However, a l l these c o n t r o l l e r s have one major drawback. They require measurement o f one o r more o f the following physiological parameters: skin temperature, r e c t a l o r core temperature, heart rate, sweat rate, o r oxygen consumption. Usually, t h i s measurement i s used as a feedback loop input t o the c o n t r o l l e r electronics t o regulate the LCG i n l e t temperature t o provide a desired r e l a t i o n s h i p between the measured parameter and the LCG heat removal, which i s also ineasured. However, body instrumentation i s cumbersome t o use, prone t o mechdc i c a l f a i l u r e s and error, d i f f i c u l t t o implement i n a system such as t h e Shuttle extraveh i c u l a r m o b i l i t y u n i t (EMU), and costly. For these reasons, even the simplest system t o date, Webb's c o n t r o l l e r using r i s e s i n body skin tctrnperI!ilre and water temperature, has been unacceptable f o r space appl ications. As an a i d t o the reader, where necessary the origiFa1 u n i t s o f measure have been converted t o the equivalent value i n the Systeme I n t e r n a t i o n a l d'Unit& (SI). The S I u n i t s are w r i t t e n f i r s t , and the o r i g i n a l u n i t s are w r i t t e n p a r e n t h e t i c a l l y thereafter.
THE AUTOMATIC CONTROLLER
A decision was made t o investigate the f e a s i b i l i t y of designing an automatic c o n t r o l system t h a t would not require the use of any physiologic a l measurements but, rather, o n l y t h e LCG i n l e t water temperature and the temperature difference between the LCG i n l e t and o u t l e t water (AT). These parameters are advantageous i n t h a t interfaces w i t h the human body are not required, other than the e x i s t i n g LCG tubes.
The c o n t r o l l e r l o g i c t h a t was developed i s designed t o use measurements o f LCG i n l e t temperature (Tin) and LCG AT alone. Although other investigators have attempted t o b u i l d a c o n t r o l l e r t h a t uses the same i n f o rmation, they have been unsuccessful because o f the i n a b i l i t y t o derive a t r a n s f e r function t h a t r e l a t e s LCG heat removal data t o metabolic r a t e f o r both the steady-state and t r a n s i e n t cases. t r a n s f e r function was derived by using a d e t a i l e d mathematical model of the human thermoregulatory system t o obtain t h e o r e t i c a l results, including the thermodynamic i n t e r a c t i o n s w i t h the liquid-cooled garment and the environment, and then c o r r e l a t i n g the t h e o r e t i c a l r e s u l t s with t e s t data. . This comfort zone has been correlated w i t h considerable t e s t data ( r e f . 2 ) and has been shown t o confsrrn w i t h other comfort zone c r i t e r i a available i n the l i t e r a t u r e , such as those postulated by Webb, Waligora, and Chambers
( r e f s . 5, 6, 9, and 10). I f f i g u r e 1 i s now r e p l o t t e d by c r o s s -p l o t t i n g
Values above t h i s comfort zone correspond t o uncomfortably
t h e LCG i n l e t temperatures conforming t o the comfort zone w i t h the corresponding LCG AT'S, the desired steady-state t r a n s f e r function i s derived. This new p l o t i s shown i n f i g u r e 2.
An i n i t i a l evaluation o f t h i s control scheme was then performed anal y t i c a l l y by using the 41-Node Man computer program. A t y p i c a l metabolic p r o f i l e with several step changes i n work r a t e was input t o the model, together w i t h the i n i t i a l LCG i n l e t temperature considered comfortable. The model then computed the corresponding LCG AT, which was used i n f i g u r e 2 t o compute a new Tin. This procedure was repeated i n time u n t i l the e n t i r e metabolic p r o f i l e was marched through. The r e s u l t s showed t h a t the r e l a t i o n s h i p shown i n f i g u r e 2, by i t s e l f , was unstable f o r a l l but the most slowly changing conditions. I n other words, i t was acceptable for quasi-steady-state s i t u a t i o n s but was inadequate during r a p i d transients such as large-step changes i n metabolic rate. I t then became necessary t o derive a second transfer function t o accomnodate transients f o r these periods. This task was accomplished by imposing a series o f step changes i n input metabnlic r a t e on the 41-Node Metabolic Man computer program and l e t t i n g the prl.)gram i t e r a t i v e l y s e l e c t an LCG i n l e t temperature t h a t would l i m i t the compited body heat storage t o the heat-storage-based comfort band previously discussed. would s e l e c t an i n l e t temperature a t each metabolic r a t e and calculate a value of heat storage a t each time step. l a t e d value o f heat storage w i t h the desired comfort value and i t e r a t e u n t i l i t determined the correct value o f i n l e t temperature required f o r staying w i t h i n Lhe comfort zone f o r each time step during the transient. The change i n i n l e t temperature during each step i n the t r a n s i e n t was then p l o t t e d against the corresponding change i n LCG AT. This r e s u l t i s shown i n f i g u r e 3 2nd represents the required t r a n s f e r function f o r s e l e c t i n g changes i n i n l e t temperature t h a t correspond t o thermal comfort during a t r i n s i e n t , ba5ed on the observed changes i n LCG AT. When the curves o f figures 2 and 3 were canbined.and then imposed on the 41-Node Man computer program, t i l e model was able t o l i m i t the calculated heat htorage t o the comfort band f o r a representative range o f st>:idy-state and transient cond i t i o n s . I t then remained t o add additional refinements and variations t o fine-tune the control scheme, including a derivative, an i n t e g r a l term, and appropriate gain constants. The f i n a l c o n t r o l l e r equation i s shown i n figure 4. It consists o f two components, a steady-state p a r t and a rate-of-change p a r t . ?he steady-state p a r t Gses the e x i s t i n g value of The garments consisted o f
The tests were 1 t o 2 hours ir. duration and data were c o l l e c t e d con-A l l tests were conducted w i t h the US^ o f an LCG water fiow o f tinuously. e i t h e r 109 o r 52 l / h r and an i n l e t temperature t h a t ranged between 279 and 302 K (60 and 290 C).
Metabolic rates were c o n t r o l l e d by varying the speed of a motordriven t r e a d m i l l t h a t the subjects had previously used i n establishing a t r e a d m i l l speed-subject mztabolic r a t e p r o f i l e . I n addition, the metabolic rates were estimated and v e r i f i e d during each t e s t by means o f the t o t a l body heat balance equation ( f i g . 5) and by comparison with predetermined c a l i b r a t i o n curves of heart r a t e i n r e l a t i o n t o metabolic r a t e .
The test subjects were one NASA astronaut, one other male, and one A l l subjects were i n good physical condition and were f a m i l i a r Their physical c h a r a c t e r i c t i c s The v e n t i l a t i n g gas through the A7LB space s u i t and the a r c t i c thermal garment was supplied by the chamber environmental equipment and 
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The air and LCG outlet temperatures were measured by thermistors and recorded continuously. as were the suit inlet and outlet lewpoints. The latter measurements were used to continuously determine LCG, convective, and evaporative heat removal rates during the test.
The air and water flow rates were also measured, Three inner and three outer suit thermocouples were installed on the A7LB space suit at the chest, back, and leg areas to continuously monitor suit temperature. These temperatures, tonether with measurements of chamber wall and air temperatures, were used to calculate radiation heat loss from the skin, net convective and radiative heat loss from the suit to the chamber environment, and net heat loss through the suit. in addition, two space heaters were used to control the ambient temperature tp limit the heat loss through the suit to desired values.
A biomedical harness was used to measure body skin tevperatures in several areas, including the forehead, chest, arms, legs, and back. Copperconstantan thermocouples were used for these measurements. A rectal temperature thermistor and electrocardiograph sensors were a1 so included in the biomedical harness to measure rectal temperature and heart rate. All these temperatures were recwded continuodsly ( fig. 6 ) and used to determine and plot total body heat storage and heat storage rate on a real-time basis at 2-minute intervals. The other previously described recorded parameters were also plotted in real time and were used to compute terms in the total body heat balance equation. from previous calibration runs on the treadmill to be approrimately 12. The r e s u l t s show the subjective comfort index, t o t a l body heat storage, control l e r -s e t LCG i n l e t tenperature, LCG heat removal rate, evaporative heat loss rate, and t o t a l body heat stcrage rate. nearly n e g l i g i b l e i n a l l cases, and environmental heat loss through the s u i t was l i m i t e d t o n e g l i g i b l e values by the use o f the chamber heaters described prev i ous 1 y . c m e n s u r a t e w i t h the comfort levels associated w i t h each metabolic rate. This r e s u l t i s encouraging i n view of the f a c t t h a t thcre were several deliberate off-comfort periods designed t G stress the system. The c o n t r o l l e r d i d not attempt t o lawer the I n l e t temperature because the LC6 A T was affected by the reduced skin conductance. Consequently, the subject ras kept comfortable throughout these stress work rates w i t h a Ta t or above 293 K (200 C). However, as soon as heat storage increased andn vasodilatation occurred, the c o n t r o l l e r responded t o increased metabol i c rates by dropping the i n l e t temperature.
Convective heat loss was

dropped t o 288 K (150 C).)
This type action by t h t c o n t r o l l e r was observed on several occasions and demonstrates t h a t the system can respond t o import a n t physiological mechanisms with a high degree o f s e n s i t i v i t y .
One other p o i n t should be mentioned about the i n l e t temperature prof i l e s . The c o n t r o l l e r l o g i c was fine-tuned during the i n i t i a l t e s t s t o optimize the response time and performance. This procedure consisted o f adjusting the gain constants before, but not during, each t e s t u n t i l the best response was achieved. Consequently, the i n l e t temperature and never exceed the magnitude of the corresponding metabolic rate. ideal controller would maintain a near-zero storage rate a t a l l times. However, because o f thermal lag times, a real controller must operate by undershoots and overshoots. Therefore, the more frequent the changes and the lower the magnitude of the values, the better the controller. These results show the slope of the heat storage rates changing sign on the order of every 10 minutes or less, a change indicating frequent controller responses, w i t h the magnitude of the storage rate well below the corresponding metabolic rate. Most important, the time integral of the rate approaches zero and does so f a i r l y rapidly after the onset of work. On the basis o f these data, the response of the controller i s quite acceptable. Furthermore, i t will be significantly improved when a constantly respondin closed-loop system i s developed to replace the discrete, d i g ital metho 9 used i n this feasibility study.
An
Controller Use Compared With No Control
Figures 11 and 12 present the results for runs i n which the subjects exercised a t the same metabolic profil? w i t h and without the controller operating. Figure 11 presents the data f o r a nominal square-wave profile w i t h the controller operating compared w i t h the case of a constant T i n of 300 K (27O C), which corresponds t o the inlet temperature requested for comfort a t rest. comfort could not be maintained during either of the high-workload periods. However, w i t h the controller, comfort was maintained throughout except for one brief period i n the middle of the f i r s t high-workload rate, which again resulted from the lag time required for the LCG to sense the additional metabolic heat and for the controller t o respond to i t .
Figure l l ( b ) shows that w i t h no controller, subjective
Figure l l ( c ) shows t h a t body heat storage reached significantly higher levels without ttle controller (216.0 kilojoules (60 watt-hours) compared t o 108.0 kilojoules (30 watt-hours)). In fact, following the constant-temperature run, the subject had so much trapped sweat i n the A7LB suit, because of this high heat storage, t h a t the resulting evaporative heat loss during the ensuing rest period overcooled him before the next r u n . This effect d i d not occur when the controller was used, as the d a t a i n figure 12(c) indicate. Here, for the constant-temperature run, the evaporation heat loss (which represects sweating) reached 102 watts w i t h i n 20 minutes o f the start o f the run and remained h i g h thereafter (corresponding t o a saturated-sui t outlet dewpoint). Conversely, w i t h the controller operating, evaporative heat loss never exceeded 75 watts. Figure 12 shows the results for similar comparison runs f o r a different subject, w i t h the use of a cooler constant T i n of 294 K i 2 l 0 C ) , which corresponds t o the temperature requested f o r comfort a t a metabolic rate equal t o the average rate for the r u n (300 watts). In this case, using a colder fixed T i n resulted i n excessively long subjective cold response and rapidly changing impressions of subjective comfort from cold t o warm and vice versa ( f i g . 1 2 ( b ) ) . rather steady comfort reports obtained w i t h use of the controller, punctuated by three brief 3-t o 4-minute periods of cool reports imnediately following controller response t o a step change i n workload. . 13(a) ) experienced during the actual EVA were higher than those experienced on most other missions, they are representative o f peak workloads and durations that could be expected f o r space construction tasks. Figure 13(b) shows that there was no s i g n i f i c a n t difference between the subjective comfort reports by the astronaut t e s t subject f w the two cases. I n other words, the c o n t r o l l e r provided the sane l e v e l o f subject i v e comfort t o the subject as he could aanually provide himself.
Figure 13(c) shows the t o t a l body heat storage f o r both cases. As m i g h t be expected, both runs showed low values o f body heat storage t h a t were close t o the steady-state canfort band and well withSn the performance impairment l i m i t s o f +316.8 k i l o j o u l e s (+88 watt-hours). It should be noted t h a t for the manual control case, bo7v heat storage started and f i n i s h e d w i t h negative values, a r e s u l t indicating a desire on the p a r t of the subject t o overcool himself i n a n t i c i p a t i o n o f high metabolic rates. Figure 13(d) presents a comparison betweei the manually selected i n l e t temperature and the automatically c o n t r o l l e d i n l e t temperature. Here, i t can be seen that the c o n t r o l l e r l o g i c selected almost the i d e n t i c a l i n l e t temperature p r o f i l e as the subject selected f o r himself.
The only d i f f e rm c e s t h a t occurred resulted from the fact t h a t the cot;troller adjusted the i n l e t temperature i n d i r e c t response t o the workload and d i d not overcool the subject a t the lower work rates as he himself d i d under manual control between 40 and 50 minutes i n t o the run and. again, between 73 and 87 minutes. Figure 13(d) also indicates that, when the LCG cooling was under inanual control, the .ubject made 11 cool ing-valve changes (indicated by arrows) i n 9: ininUtes o f testing. This change frequency represents a s i g n i f i c a n t amount of time spent attending t o cooling adjustments that would be b e t t e r spent on work tasks i f automatic cooling control were available. Furthermore, i t was observed that astronauts d i d not make manual adjustments during actual E V A ' S with the frequency that was observed during t h i s run. The conclusion here i s that work tasks cause the creman t o ignore his thermal st,atus, and tnereby there i s a r e s u l t a n t p o s s i b i l i t y o f heat ctorage, fatigue, or work i n e f f i c i e n c y problems. 2. Runn'og the LCG a t a lower flow r a t e (55 l / h r ) makes i t more d i f f i c u l t f,: the c o n t r o l l e r t o operate because the changes i n LCG AT much larger and occur f a s t e r . Although c o n t r o l l e r Performance a t the flow r a t e was acceptable, the i n s t a b i l i t i e s t h a t occurred would probab l l ' m i t the usefulness of t h i s type o f c o n t r o l l e r l o g i c t o flow rates no lower than 55 l/hr. 2 are ower Y 3. No s i g n i f i c a n t difference was noted i n c o n t r o l l e r performance amons the three t e s t subjects, despite the f a c t t h a t one was an astronaut i n a c e l l e n t * ' y s i c a l condition, another was a male, and the t h i r d was a female o f zonsiderably smaller size. The physiological (other than heart r a t e ) c r~,~ .hemal-comfort data recorded showed no s t a t i s t i c a l l y s i g n i f i c a n t trends .laat could be a t t r i b u t e d t o subject v a r i a b i l i t y . The three types o f covering s u i t s tested were Use of the Apollo s u i t necessitated almost 50 percent more metabolic affort t o walk a t the SWM treadmill speed used i n the t e s t involvlng the coveralls, Howevar, the coveralls dld not Insulate t h e LCG f r a n the enviranment and thereby caused a deceptively lower LCG AT a t the sane metabolic r a t e and more sluggish c o n t r o l l e r performance. 
DISCUSSION
The r e s u l t s of t h i s study conclusively demonstrated the f e a s i b i l i t y of a c o n t r o l l e r t h a t can maintain hman thermal canfort by measuring . LCG AT and i n l e t water temperature alone. The three primary c r i t e r i a used t o assess the success o f the c o n t r o l l e r concept were t o t a l body heat storage, subjective cannents by the t e s t subjects, and sweat rates. These Finally, f i g u r e 16 presents the extremes i n evaporative heat removal (sweat r a t e + r e s p i r a t i o n loss + skin d i f f u s i o n ) f o r each t e s t . seen t h a t maximun t o t a l water loss was l i m i t e d t o below 160 g/hr f o r a l l c o n t r o l l e r tests, a value associated with l i g h t sweating and comfort (ref. 2). This r e s u l t i s contrasted w i t h evaporative losses greater than 185 g/hr (equivalent t o moderate-to-heavy sweating) a t a constant f i n of 299 K (260 C). I n other words, the c o n t r o l l e r acted t o l i m i t and prevent heavy sweating associated with discomfort but, a t the sane time, d i d not overcool the subject t y reducing sweat rates below minimal values necessary f o r comfort a t low metabolic rates.
I t can be
During the course o f these tests, two primary adjustments i n controll e r l o g i c were made. the steady-state and the transient contribution t o the T i n calculation was tor, unstable. Consequently, the gain constdnts were shifted t o an 80-20 dependence favoring the steady-state contribution. This s h i f t was determined by a trial-and-error process and represented the only r e a l deviation from the theoretical values derived i n the pretest 41-Node Man simul a t i o n runs.
It was found that the i n i t i a l 50-50 s p l i t between The actual hardware should consist o f a water-mixing valve coupled t o a servomotor and a microprocessor "chip" t h a t contains the control l e r logic. The microprocessor would continuously sample measurements t, f LCG T i n and the temperature difference between LCG i n l e t and o u t l e t water, would compute a new desired Tin, and would i n i t i a t e a signal t o the servomotor, which i n t u r n would change the p o s i t i o n o f the water-mixing valve t o get the desired T i ne The l a g time associated w i t h t h i s c o n t r o l l e r should be designed t o f i l t e r out system flucti!atl!ms. This lag time, as well as the c o n t r o l l e r gain constants thmselves, depends upon the type of system used and i t s applicationq. For t h e Space Shuttle extravehicular m o b i l i t y u n i t , the portable 1 ife-support-system lag time w i 11 be approximately 30 seconds. The data from these tests i n d i c a t e t h a t the d i f f e r e n t i a l and i n t e g r a l terms i n the transient term o f the l o g i c p l a y a minor r o l e i n the determination o f a desired Tin and can probably be ignored. Therefore, the microprocessor would be extremely simple, using only two l i n e a r curves as the basis o f the analog c i r c u i t . The r e s u l t i n g chip should be r e l a t i v e l y inexpensive t o b u i l d and extremely small and l i g h t . 
